Rationale Social environment influences alcohol consumption in humans; however, animal models have only begun to address biological underpinnings of these effects. Objectives We investigated whether social influences on alcohol drinking in the prairie vole are specific to the sex of the social partner. Methods In Experiment 1, control, sham, and gonadectomized voles were placed either in mesh-divided housing with a same-sex sibling or isolation with access to ethanol. In Experiment 2, animals were given an elevated plus maze test (EPM) and then females were paired with a castrated male followed by isolation or mesh-divided housing with access to ethanol. In Experiment 3, subjects categorized as low or high drinkers based on initial ethanol intake were placed in mesh-divided housing with an opposite-sex partner of the same or opposite drinking group and ethanol access. Subjects were then moved back to isolation for a final ethanol access period.
Introduction
There is substantial evidence for a mutual relationship between the social environment and alcohol drinking in both the human (Bushman and Cooper 1990; Homish and Leonard 2008; McCrady et al. 2006; Steele and Southwick 1985) and animal literature (Anacker and Ryabinin 2010; Miczek et al. 1993; Pepino et al. 2002; Pfaus and Pinel 1989) . Although it is well established that adult relationships play a substantial role in human drinking (Homish and Leonard 2008; Leonard and Eiden 2007; McCrady et al. 2006 ), a common limitation of human studies is the inability to determine the causal roles and biological underpinnings of this bidirectional relationship. Animal models are therefore a useful tool, although to date there has been a lack of research on the relationship between adult attachment and alcohol drinking (Anacker and Ryabinin 2010) .
The monogamous prairie vole forms selective emotional attachments toward an adult pair-mate and is an excellent animal model for understanding social influences on ethanol drinking. There is striking overlap in the neural circuitry of pair bonding and affiliation in the prairie vole and that of reward and addiction . Striatal dopamine systems have been shown to mediate interactions between pair bonding behaviors and amphetamine (Liu et al. 2010 (Liu et al. , 2011 Young et al. 2011b) . Recent work has demonstrated a bidirectional interaction between social environment and alcohol self-administration in this species (Anacker et al. 2011a, b, c) . Prairie voles that are housed in same-sex pairs show a robust correlation in alcohol consumption and higher levels of both alcohol consumption and preference compared to animals housed in isolation (Anacker et al. 2011b ). Furthermore, under certain social conditions, a prairie vole will alter its own consumption to match the intake of another, even into a subsequent isolation period, demonstrating that the drinking behavior of one animal can exert a direct and persistent effect on a social partner (Anacker et al. 2011c) .
It is important to note that these previous studies on social drinking in the prairie vole have used same-sex pairs. In prairie voles, the sex of a social partner can have different effects on behavioral and neurophysiological measures (aggression: Bowler et al. 2002; isolation behavior: Hostetler and Bales 2012; corticosterone: DeVries et al. 1995 corticosterone: DeVries et al. , 1997 CART peptide: Hostetler et al. 2011) . However, other studies have found responses to the social environment are independent of the sex of a conspecific (tyrosine hydroxylase: Cavanaugh and Lonstein 2010; immediate early genes: Northcutt and Lonstein 2009) . These studies suggest that behavioral consequences of the social environment are often, but not necessarily, sensitive to the sex of the social partner. Therefore, we aimed to explore whether social influences on prairie vole drinking behavior differ based on the sex of the social partner. To address this issue, in the current study, we repeat our previous studies on social drinking behavior, the first experiment using same-sex pairs, and the final two experiments using male-female pairs of prairie voles. In humans, individual differences in anxiety can influence drinking behavior (Kushner et al. 2000) , and personality factors may even modulate the relationship between drinking and the social environment (Homish and Leonard 2008; Russell et al. 1997) . Therefore, we also explored whether individual differences in anxiety-like behavior were related to drinking behaviors in prairie voles, and whether this relationship differed based on social conditions.
Reproductive confounds such as pregnancy and the presence of pups present a significant problem for long-term studies on male-female pairs. The use of gonadectomized animals presents a possible solution, and pairs of gonadectomized voles still form a successful bond . However, it is unknown how gonadal hormones influence ethanol drinking in prairie voles. Therefore, our first experiment also explored the effects of gonadectomy on ethanol selfadministration in each isolated and socially housed animals.
Materials and methods

Subjects
The subjects used in this study were from a breeding colony housed at the Portland Veterans Affairs Medical Center Veterinary Medical Unit. Animals were weaned at 21 days and housed in same-sex sibling groups in cages (27×27× 13 cm) under controlled temperature, humidity, and 14L:10D light conditions. Food (LabDiet Hi-Fiber Rabbit chow, cracked corn, and oats) and water were available ad libitum throughout the experiments. All subjects had access to cotton nestlets throughout the experiments. All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of the Portland Veterans Affairs Medical Center. Subjects were tested as adults (60-100 days of age at start of testing). Different subjects were used for each experiment.
Housing conditions
For all experiments, animals were placed either in isolation or in mesh-divided social housing. Social housing consisted of a cage (27×27×13 cm) with a mesh divider in the middle separating each animal in a pair as previously described (Anacker et al. 2011b) . Keeping the animals separated allowed individual monitoring of fluid consumption, and the mesh allowed animals to maintain contact. For isolation housing, subjects were placed alone in "shoebox" mouse cages (27×16.5×13 cm).
Gonadectomy surgeries
All gonadectomy and sham surgeries were performed under isoflurane anesthesia. Castrated males received a single incision in the scrotum, and both testes were removed. Sham castration was performed using the same procedure, with the exception of the removal of the testes. Ovariectomies were performed via a single midline dorsal incision and bilateral perineum incisions, with the uterine horns, ovaries, and associated fat cauterized and removed. Sham ovariectomies included all procedures described above, with the exception of the removal of any tissue. Animals were housed in mesh divider cages during the recovery period to prevent the cage mate from disturbing the surgical area, but allow social contact between the two. All subjects were fully recovered (at least 7-10 days post-operation) before experimental testing.
Two-bottle choice test
Throughout each experiment, animals had continuous access to two 25-mL glass cylinders fitted with a metal sipper tube and rubber stopper. One bottle contained tap water. The second bottle contained a solution of ethanol, saccharin, or quinine, depending on experimental conditions (described below). Water access in Experiment 1 (days12-14) was performed with a single bottle. Fluid volume for each bottle was monitored every 24 h, and the bottles were refilled and rotated (to avoid side preference bias) at this time.
Elevated plus maze
The elevated plus maze (EPM) test allows assessment of anxiety-like behavior and locomotor activity. The EPM used in the current study consisted of two opaque black highwalled arms and two white open arms (51-cm long×8-cm wide; Med Associates, Inc., St. Albans, VT, USA). The entire maze was elevated 60 cm off the ground. The animal was placed in the center of the apparatus and behavior scored continuously for location (center, open arm, or closed arm) and autogrooming by Behavior Tracker 1.5 software (www.behaviortracker.com). Subjects that fell off the apparatus were removed from analysis (n06).
Study procedures
Experiment 1: effects of gonadectomy on ethanol self-administration Subjects were adult male and female prairie voles. Surgeries were performed as above. Control animals received no surgery or anesthesia, but were placed in mesh divider cages for a minimum of 7 days (comparable to the surgical recovery period) prior to the beginning of the experiment. The sample size was six animals per sex, housing, and surgical status, with the exception of isolated and ovariectomized females (n05) and socially housed control females (n08).
At the beginning of the experiment, all animals were moved either to a new mesh divider cage with a familiar same-sex sibling or to isolation housing. All subjects were then given a series of two-bottle choice tests with increasing concentrations of ethanol (3 %, 6 %, and 10 %, for 4 days each), followed by 2 days of ad libitum water access. To determine whether surgery alters ethanol metabolism, on the final day of the study, all subjects received a 2.5-g/kg i.p. injection of ethanol (20 % v/v in physiological saline). Following injection, animals were returned to their home cage, and euthanized by CO 2 at either 30 or 120 min post-injection (Fig. 1) . Serum from trunk blood samples was analyzed for blood ethanol concentration (BEC) using an Analox Analyzer (Analox Instruments, Luneburg, MO, USA). This experiment tested effects of social housing on alcohol drinking in male-female pairs. To control for reproductive confounds such as pregnancy and the presence of pups, and based on the lack of effect of gonadectomy on drinking behavior in Experiment 1, males were castrated approximately 2 weeks prior to social pairing. All subjects received a 5-min EPM prior to social pairing and ethanol exposure. The day immediately following EPM testing, each subject was introduced to their novel opposite sex partner by placing them in standard housing for 5 days undisturbed. This time was based on previous experiments in same-sex pairs and is longer than the 6-24 h normally sufficient for pair bond formation (Anacker et al. 2011b; DeVries and Carter 1999) . Weights were collected the day of pairing, and subsequently collected every 3 days until the end of the experiment. Following the initial 5-day pairing period, half of the pairs were placed in mesh-divided cages and half were placed in isolation housing. All subjects were then given a series of two-bottle choice tests with increasing concentrations of ethanol (3 %, 6 %, and 10 %, for 4 days each), followed by (0.05 %) saccharin and (0.0025 %) quinine (2 days each; Fig. 1 ). Sample size for each group was 15 animals per sex per housing condition.
Experiment 3: effects of partner's drinking on ethanol intake in male-female pairs
Given the results in Experiment 2 showing that social facilitation and coordination in male-female pairs differs from patterns seen in same-sex pairs in Experiment 1 and in previous experiments (Anacker et al. 2011b) , we explored the effects of influential drinking behavior on ethanol intake in male-female pairs, using a different paradigm previously tested in same-sex pairs (Anacker et al. 2011c ). All subjects in this experiment were gonadally intact. Subjects were weighed and placed in single housing for 4 days with access to tap water and 10 % ethanol in a two-bottle choice test. Animals were subsequently weighed every 4 days. At the end of the initial 4-day period, each animal was categorized as a low, medium, or high drinker based on its ethanol intake. Low drinkers had an average consumption of less than 5 g/kg/day, and high drinkers had an average consumption of over 9 g/kg/day. Medium drinkers were removed from the remainder of the study. Subjects were then placed in mesh-divided housing with a novel opposite-sex partner of either the same or opposite drinking group. Hence, there were four groups of malefemale pairs: high-high, high-low, low-high, and lowlow. Subjects within a pair were assigned randomly (except that no pairs were siblings) and placed for 4 days in meshdivided housing with continuous access to 10 % ethanol in the two-bottle choice test. After 4 days of social housing, subjects were moved back to single housing for an additional 4 days of two-bottle choice access. Hence, there were three 4-day housing conditions: Isolation 1, Pairing, and Isolation 2 (Fig. 1) . Sample sizes were nine high/high pairs, eight high/low pairs, eight low/high pairs, and six low/low pairs.
Statistical analyses
A single average for each dose consumed (grams per kilogram per day) and preference score was calculated for each fluid condition. Some data from individual days were removed from analysis for two reasons. First, bottles would occasionally leak, leading to inaccurate readings, and these data were removed. Second, if animals "escaped" from one side of their mesh divider to the other, volumes for both subjects for that day were not used for analysis. Given that each condition involved multiple observation days, removal of single observation days did not affect our ability to calculate an overall average consumption and preference score for each condition. However, loss of repeated observations led to removal of data from two subjects for each quinine and saccharin preference scores in Experiment 2. Data were analyzed in SAS 9.2 (SAS Institute, Cary, NC, USA).
Experiment 1
Alcohol consumption and preference were analyzed via repeated measures analysis of variance (ANOVA) with sex, housing, and surgery as between-subjects factors and ethanol concentration as the repeated measure. Post-hoc comparisons were investigated using least square means. Water consumption (grams per kilogram) was analyzed via three-way ANOVA with sex, housing, and surgery as between-subjects factors. Litter effects were included as a random effect in each analysis, but were dropped from the models due to lack of significant effects.
In order to determine whether members within a pair exhibited coordinated drinking, as previously described (Anacker et al. 2011b) , correlations between each pair member's average consumption were performed. Isolated animals were compared to the familiar same-sex sibling they were housed with prior to isolation. In order to limit the number of analyses, we focused on gram per kilogram intake at 10 %, as this was the main finding previously reported (Anacker et al. 2011b) . Given that animals in these dyads are given the same treatment, we aimed to reduce variability and type II error due to random assignment of each animal within a pair. Within each pair, the animal with the lower average intake at 10 % was assigned as the X variable, and the other animal was assigned the Y variable. Correlation coefficients and p values were obtained using a Fisher z-score-based bias adjustment. Correlation coefficients from isolation-and mesh-housed subjects were directly compared by computing a z-score (Fisher 1921) .
BECs were analyzed via three-way ANOVA with uptake time, housing, and surgery as between-subjects factors. Sex was not examined, as this factor does not influence BECs (Anacker et al. 2011b) . Litter effects were included as a random effect in each analysis, as they were found to be significant.
Experiment 2
Alcohol consumption and preference were each analyzed via repeated measures ANOVA with sex and housing as between-subjects factors and ethanol concentration as the repeated measure. Saccharin and quinine preference scores were each analyzed via two-way ANOVA with sex and housing as between-subjects factors. Litter effects were included as a random effect in each analysis, but were dropped from the models due to non-significant effects. Post-hoc comparisons were investigated using least square means.
Correlations between each pair member's average intake (gram per kilogram per day) were analyzed for each concentration of ethanol, with the male as the X variable and the female as the Y.
To examine whether individual differences in anxiety and locomotor activity are associated with drinking behavior, we performed correlation analyses between EPM measures and each consumption and preference scores. EPM measures included the proportion of time spent in the open arm (0 open arm time divided by the total time spent in either arm), frequency of arm entries, and time spent autogrooming. We ran separate correlation analyses for each sex and housing condition, leading to four groups: single-housed males, mesh-housed males, single-housed females, and meshhoused females.
Experiment 3
Alcohol consumption and alcohol preference were analyzed via repeated measures ANOVA with sex, subject's drinking status (high or low), and partner's drinking status (high or low) as between-subjects factors and pairing period (Isolation 1, Pairing, and Isolation 2) as the repeated measure. Litter effects were included as a random effect in each analysis, but were dropped from the models due to lack of significant effects. Post-hoc comparisons were investigated using paired t-tests.
Results
Experiment 1
Animals in social housing had both higher ethanol intake and preference than those in isolated housing, in a concentration-dependent manner. Males had higher ethanol intake and preference than females, and this was also dependent on ethanol concentration. Surgical history had no effect on any alcohol drinking measures (Fig. 2) .
For ethanol consumption, there was a main effect of social housing (F 1,68 04.13, p00.04), indicating that animals in social housing had significantly higher gram per kilogram intake than animals in isolation. There were no main effects for either sex (F 1,68 01.52, p00.22) or surgery (F 2,68 00.58, p00.56). We also found a main effect of concentration (F 2,136 0206.26, p<0.0001), as well as an interaction between concentration and each sex (F 2,136 09.25, p00.0002) and social housing (F 2,136 06.47, p00.002), but not surgery. Post-hoc comparisons within each concentration indicated that sex and social housing differences were only present at 10 % ethanol, with males consuming more than females (p< 0.001), and mesh-housed subjects having higher intake than isolation-housed animals (p<0.001; all other comparisons p≥0.17; Fig. 3a) . For ethanol preference, there was a main effect of both sex (F 1,68 06.95, p00.01) and housing (F 1,68 03.88, p 00.05). Overall, males had higher preference than females, and socially housed animals had a higher ethanol preference than those in isolation housing. There was no main effect of surgery (F 2,68 00.11, p00.89). There was also a main effect of concentration (F 2,136 023.76, p<0.0001), and interaction of concentration with each sex (F 2,136 05.62, p00.004), and social housing (F 2,136 03.09, p 00.05), but not surgery. Post-hoc comparisons within each concentration indicated that sex and social housing differences were present at 6 % and 10 % ethanol, with males exhibiting a higher preference for alcohol over water than females (6 %, p 00.02; 10 %, p 00.0009), and mesh-housed subjects having higher preference than isolation-housed animals (6 %, trend only: p 00.07; 10 %, p00.01; Fig. 3b ). There were no sex or housing effects of alcohol preference for 3 % ethanol (p≥ 0.26). We found no effects of any factor on water consumption.
There was a significant positive correlation between pairs' 10 % alcohol consumption in each mesh (r00.78, df015, p<0.0001) and isolation housing (r00.54, df015, p00.02). The correlation coefficient of the mesh-housed population was significantly higher than that of the isolated subjects (z02.918, p00.0035).
There were main effects for both uptake time (F 1,40 0 284.6, p<0.0001) and housing (F 1,40 04.10, p<0.05) on BEC. BECs obtained 30 min after ethanol treatment were significantly higher than BECs collected after 120 min, as expected. Socially housed animals (30 min, 354±20 mg/dl; 120 min, 134±16 mg/dl) had lower BECs than isolated animals (30 min, 386±14 mg/dl; 120 min, 156±15 mg/dl). There were no main effects of surgery on BEC.
Experiment 2
Alcohol drinking was not affected by social housing or by sex in male-female pairs. There were no significant main effects of sex or housing on alcohol consumed at any concentration of alcohol (Fig. 4a ). There was a main effect of alcohol concentration (F 2,106 0105.0, p < 0.0001), with grams per kilogram consumed increasing with increased concentration. Alcohol consumption significantly increased between each concentration (p<0.0001 for all comparisons). There was also a significant interaction between alcohol concentration and housing (F 2,106 04.34, p 00.015). However, post-hoc comparisons reflected no difference in consumption within each concentration between single-and mesh-housed subjects (p ≥ 0.18 for all comparisons). Alcohol consumption was not significantly correlated between partners, regardless of housing conditions (trend in 3 % for mesh-housed subjects: r00.46, p00.08; all other comparisons p≥0.12). For alcohol preference, there were no significant main effects of sex or housing (Fig. 4b) . There was a significant main effect of concentration on ethanol preference scores (F 2,106 010.87, p < 0.0001), with preference decreasing across increasing concentrations (p<0.0001 for all comparisons). There was a significant interaction between concentration and housing (F 2,106 03.59, p 00.03). Similar to consumption, post-hoc comparisons indicated that there were no significant differences between single-and meshhoused subjects within any concentration (p≥0.13 for all comparisons).
Saccharin preference was not affected by either sex or housing. In contrast, we did find a significant main effect of housing on quinine preference (F 1,54 04.57, p 00.03; Fig. 1b) , with animals in mesh-divided cages having lower quinine preference scores than isolated animals. There were no main effects of sex on quinine preference.
Performance on the EPM was correlated with alcohol drinking most consistently in single-housed males (Tables 1 and 2 ). Specifically, there were significant correlations between number of arm entries and each alcohol intake (−0.67≤r≤−0.60 for all three concentrations) and preference (r00.58 at 3 %). Alcohol intake at 3 % concentration was also positively correlated with autogrooming (r00.65) in these males. There were no significant correlations between any alcohol and behavioral measures for single-housed females. Among mesh-housed females, the number of arm entries was negatively correlated with alcohol preference at 3 % and 6 % (−0.67 and −0.66, respectively).
Experiment 3
Alcohol intake was not affected by social housing, and there were no influences of the social partner's drinking category on any measures. For alcohol intake, there was a significant effect of the subject's own drinking status (F 1,57 041.22, p< 0.0001; Fig. 5a ), although this was expected as animals were placed in categories based on their initial alcohol drinking behavior. There were no main effects of either sex or partner's drinking category. There was no significant interaction between the subject's own drinking status and the drinking status of their partner. For all housing periods, there were no significant interactions between the subject and partner's drinking category on alcohol intake. There was no main effect of housing period on ethanol intake, nor any interaction effects between housing and the other factors investigated.
For alcohol preference, there was a significant effect of the subject's own drinking status, as expected (F 1,57 057.71, p<0.0001; Fig. 5b ). There were no main effects of either sex or partner's drinking category. There was a significant interaction between the subject's drinking category and the housing period on alcohol preference (F 2,114 012.31, p< 0.0001). Post-hoc comparisons revealed that high drinkers showed a decrease in preference following Pairing (p< 0.0001), but no change from Pairing to Isolation 2 (p0 0.36). Low drinkers did not change alcohol preference between Isolation 1 and Pairing (p00.29), but there was a significant increase from Pairing to Isolation 2 (p00.03). Alcohol intake (a) and preference scores (b) across three housing conditions in Experiment 3. There were no direct effects of the social partner's drinking status on the subject's drinking. Groups are collapsed across sex. Gray bars: high drinkers paired with high drinkers; white bars: high drinkers paired with low drinkers; black bars: low drinkers paired with high drinkers; striped bars: low drinkers paired with low drinkers. Sample sizes range from 12 to 18 per group. Asterisk, significant difference from Isolation 1 (Hi subjects only, p< 0.001); number sign, significant difference from both Isolation 1 and Pairing (Lo subjects only, p≤0.03)
These directional changes are also indicated by an overall difference in preference between Isolation 1 and Isolation 2 (highs, p<0.001; lows, p00.02). There was no significant interaction between the subject's own drinking status and the drinking status of their partner.
Discussion
The present research investigated social influences on alcohol drinking in the prairie vole. We found social facilitation and coordination in same-sex pairs that were housed together, consistent with previous research ( Fig. 3 ; Anacker et al. 2011b) . In contrast, social facilitation and coordination are not present in opposite-sex pairs (Fig. 4) . Using a different social housing paradigm in Experiment 3, we found moderate changes in alcohol drinking relative to social housing with an opposite-sex partner, but these were independent of their partner's drinking (Fig. 5 ). These findings are in contrast to very specific influences of a same-sex partner (Anacker et al. 2011c) . Taken together, the results of the current study suggest that social influences on alcohol selfadministration in prairie voles differ based on the sex of a social partner.
In the first experiment, we replicated previous findings that animals housed in same-sex social pairs have higher ethanol consumption and preference compared to animals in isolation (Fig. 3) . These animals show a robust pattern of coordinated drinking similar to those previously reported (Anacker et al. 2011b) . We also found a significant relationship between drinking in isolated pairs, in contrast to the previous study. This may be due to a slightly different (and more robust) statistical approach used in the current study. Our present findings suggest that there are genetic and/or developmental factors that contribute to shared drinking patterns between siblings, which may influence drinking behavior regardless of the social environment. However, the strength of this relationship was significantly lower than in mesh-housed pairs, suggesting that social housing promotes social coordination beyond similarity due to shared family background. These results indicate that social influences in same-sex dyads are robust and replicable.
We also found that animals in social housing have lower BECs following an injection of ethanol than isolated animals, and this has not been previously reported. One potential explanation for this finding is differential experience with alcohol. Long-term alcohol use can reduce alcohol metabolism (Julien 2005; Kater et al. 1969; Misra et al. 1971) . Therefore, greater ethanol consumption in the socially housed animals could lead to slower ethanol metabolism compared to isolated animals. An intriguing additional possibility is that the social environment may influence ethanol metabolism independent of ethanol experience. This is more likely an effect of isolation, which is a significant stressor for this species, than mesh housing, which is a relatively small modification to the physical environment that allows contact with a social partner. A decrease in ethanol metabolism due to isolation could promote lower ethanol intake and preference in these subjects ( Fig. 3 ; Anacker et al. 2011b) . Investigating the sources of social influences on ethanol metabolism may be a particularly interesting direction for future research.
Importantly, we found no effects of gonadectomy on any alcohol drinking measures (Fig. 2) . Although the majority of studies in rats have found no effect of gonadectomy on ethanol intake (Almeida et al. 1998; Begg and Weisinger 2008; Cailhol and Mormede 2001; Vetter-O'Hagen and Spear 2011) , others have found either an increase (Vetter-O'Hagen and Spear 2011), or even a decrease in alcohol self-administration (Begg and Weisinger 2008; Ford et al. 2002 Ford et al. , 2004 . These latter studies have methodological differences relative to the present studies, including the use of limited access paradigms and alcohol-experienced subjects for gonadectomies. Our data suggest that in prairie voles, adult gonadectomy does not directly affect alcohol selfadministration. It is still possible that gonadectomy may have altered social behavior and thus indirectly affected the relationship between social environment and ethanol drinking in Experiment 2. However, prairie voles display normal social behavior toward, and form partner preferences with, a gonadectomized partner (DeVries and Carter 1999) and will form and maintain pair bonds in the absence of mating (Cho et al. 1999; Resendez et al. 2012; Winslow et al. 1993) . Moreover, we have observed a similar lack of social facilitation on gonadally intact males with female partners, although these males were unavoidably exposed to their own pups (Anacker and Ryabinin, unpublished data) . For these reasons, we believe it is unlikely that castration is a significant confound to our findings in Experiment 2.
In Experiment 2, prairie voles isolated from an oppositesex partner did not differ in either alcohol consumption or preference when compared to voles that remained housed with their partner (Fig. 4) . This contrasts with previous findings in same-sex pairs, in which isolated subjects had lower alcohol consumption and preference than their socially housed counterparts ( Fig. 3 ; Anacker et al. 2011b) . Additionally, in Experiment 3, pairing high-drinking voles with an opposite sex low-drinking partner did not alter their alcohol consumption or preference (Fig. 5 ). This lack of directional social influence also contrasts with previous studies in the same-sex pairs (Anacker et al. 2011c ). Although we did observe changes in alcohol preference across different social housing periods, the direction and timing of effects differed in each high and low drinkers, and was not dependent on the partner's drinking level (Fig. 5b) . This suggests that pairing with or isolation from an opposite-sex partner leads to moderate changes in drinking behavior, but these changes are independent of their partner's drinking. Although these effects were not reported in the previous study with same-sex pairs, that study was parsed into separate experiments and may have lacked significant power to find such moderate effects compared to the larger design employed here. Overall, these experiments suggest that social influences on alcohol selfadministration in prairie voles differ based on the sex of a social partner: changes in drinking depend on the partner in same-sex pairs, whereas in male-female pairs, they depend on the individual's own drinking status.
A particularly interesting result was that in contrast to the lack of housing effects on ethanol drinking, quinine preference was significantly lower in socially housed voles (Fig. 4b) . This is consistent with previous data in same-sex pairs (Anacker et al. 2011b) , and suggests that drinking behavior of some fluids, such as quinine, may be responsive to the general social environment, whereas ethanol drinking may be sensitive to a specific partner. We speculate that close affiliations between individuals in prairie vole pairs helps them better avoid aversive drinking solutions.
No drinking measures were significantly correlated within mesh-housed pairs or between voles that had been separated from each other in Experiment 2. In contrast, same-sex pairs show strong positive correlations with their social partners at high concentrations of ethanol (10 %: Experiment 1; Anacker et al. 2011b) . Therefore, it appears that alcohol drinking is much less coordinated in malefemale pairs, which is consistent with our lack of social housing effects on alcohol drinking in these animals.
We also examined the relationship between anxiety-like behavior and alcohol drinking in Experiment 2. In humans, a bidirectional relationship between drinking and anxiety has been described, such that anxiety may promote drinking behavior via acute anxiolytic effects, and prolonged ethanol consumption may increase anxiety (Allan 1995; Kushner et al. 2000; Robinson et al. 2009 ). The relationship between anxiety and drinking is less clear in rodents, as studies have found a positive (Colombo et al. 1995; Izidio and Ramos 2007; Spanagel et al. 1995; Stewart et al. 1993) , negative (Fernandez-Teruel et al. 2002; Henniger et al. 2002; Langen and Fink 2004; Viglinskaya et al. 1995 ), or no relationship (Da Silva et al. 2004 Tuominen et al. 1990; Viglinskaya et al. 1995) between measures of these behaviors. Given that even brief isolation from a social partner can lead to changes in anxiety-like behavior in prairie voles (Bosch et al. 2009 ), we hypothesized that the relationship between anxiety and ethanol drinking in the present study would differ based on the social environment. Across all alcohol concentrations, single-housed males showed negative correlations between the number of arm entries (which may be a measure of locomotor activity or risk-taking) and ethanol consumption (Table 1) . These same males had positive correlations between time spent autogrooming and ethanol intake. It is interesting to note that both autogrooming and alcohol drinking may function as self-directed anxiolytic behaviors (Kalueff and Tuohimaa 2005), but we found no significant relationship with open arm proportion, the traditional measure of anxiety-like behavior. These associations were not found in females, or generally in males that were meshhoused. This suggests that perhaps there is a more significant relationship between EPM behaviors and drinking in males versus females, and that social or individual housing can moderate this relationship. Another interesting finding is that there are fewer significant correlations between alcohol preference and EPM behaviors (Table 2) .
Although we did not find a strong relationship between anxiety-like behavior and ethanol consumption in prairie voles, this should be more rigorously examined in future studies. For example, it is unclear whether our findings were influenced by dosage effects, relative experience with alcohol, length of time since isolation, or multiple comparisons. Additionally, the lack of an influence of pre-existing anxiety-like behavior and locomotor activity in meshhoused males suggests that social environment may still influence alcohol drinking in a way not previously assessed. It is possible that social housing with an opposite sex partner itself alters anxiety-like behavior in the mesh-housed subjects; however, Bosch et al. (2009) found no differences in EPM behaviors in prairie voles housed with same-sex siblings versus a novel opposite-sex partner. Further studies on the interactions between anxiety, social environment, and alcohol drinking are recommended.
A limitation for interpretation is that we did not test for the presence of pair bonds in these animals. The current study was designed to assess the role of the sex of the partner on alcohol intake, not to specifically test whether social influences in drinking are altered by pair bonding. Therefore, the experimental design was not optimal for partner preference testing. Additionally, a lack of partner preference in these animals would be difficult to interpret as alcohol exposure can itself affect pair bond formation (Anacker et al. 2011a ). The data from these studies should not be interpreted as necessarily reflecting alcohol drinking in pair bonded animals. Future studies investigating the interaction of alcohol and pair bonding are critical.
The present study is broadly consistent with studies in humans indicating that there are unique contributions of peers and a married partner to drinking behavior in humans (Bachman et al. 2002; Homish and Leonard 2008; Leonard and Rothbard 1999; Merline et al. 2008) . Marriage is frequently associated with lower alcohol use and abuse (Bachman et al. 2002; Gotham et al. 1997; Leonard and Rothbard 1999; Miller-Tutzauer et al. 1991; Robbins 1991) and may have a protective effect against the development of problematic alcohol use (Chilcoat and Breslau 1996) . In contrast, separation and divorce are often associated with increased alcohol drinking and alcohol use disorder (Bachman et al. 1997; Chilcoat and Breslau 1996; Leonard and Rothbard 1999) . Although we do not equate malefemale cohabitation with marriage, nor isolation with divorce, there are interesting parallels in Experiment 3. We found that high drinkers reduced their ethanol preference during pairing, and low increased ethanol preference but only after isolation from their partner. Wilsnack et al. (1991) found that women who had no history of problem drinking were at increased risk for alcohol problems following separation or divorce. However, among women that were initially characterized as problem-drinkers, there was a reduced risk of problem drinking following separation or divorce. Therefore, individual differences in drinking history are differentially influenced by the social environment in both humans and prairie voles.
Taken with previous studies, this research suggests that the sex of the social partner influences patterns of drinking in this species. Specifically, direct social influences on drinking behavior may be primarily restricted to same-sex peers and not opposite-sex pairs of prairie voles. This has implications for humans, as different social partners, such as a peer or spouse, can positively or negatively influence alcohol drinking.
